Frugivores are highly variable in their contribution to fruit removal in plant populations. However, data are lacking on species-specific variation in two central aspects of seed dispersal, distance of dispersal and probability of dispersal among populations through long-distance transport. We used DNA-based genotyping techniques on Prunus mahaleb seeds dispersed by birds (small-and medium-sized passerines) and carnivorous mammals to infer each seed's source tree, dispersal distance, and the probability of having originated from outside the study population. Small passerines dispersed most seeds short distances (50% dispersed <51 m from source trees) and into covered microhabitats. Mammals and medium-sized birds dispersed seeds long distances (50% of mammals dispersed seeds >495 m, and 50% of medium-sized birds dispersed seeds to >110 m) and mostly into open microhabitats. Thus, dispersal distance and microhabitat of seed deposition were linked through the contrasting behaviors of different frugivores. When the quantitative contribution to fruit removal was accounted for, mammals were responsible for introducing two-thirds of the immigrant seeds into the population, whereas birds accounted for one-third. Our results demonstrate that frugivores differ widely in their effects on seed-mediated gene flow. Despite highly diverse coteries of mutualistic frugivores dispersing seeds, critical longdistance dispersal events might rely on a small subset of large species. Population declines of these key frugivore species may seriously impair seed-mediated gene flow in fragmented landscapes by truncating the long-distance events and collapsing seed arrival to a restricted subset of available microsites. dispersal vectors ͉ fragmented landscapes ͉ frugivorous vertebrates ͉ long-distance dispersal ͉ seed dispersal kernel
S eed dispersal establishes the initial template for regeneration in natural plant populations, influencing demography, genetic structure, and spatial distribution of future generations (1, 2) . Successful seed dispersal consists of removal from a source tree and deposition into sites (the seed shadow) where seeds can germinate and seedlings can establish themselves (3) . A wide diversity of dispersal agents (both biotic and abiotic) can contribute to successful dispersal. Because these agents are differentially effective, dispersal of a given species is poorly described if only one or a few dispersal vectors are considered (4) (5) (6) (7) (8) . For instance, seeds already dispersed by animal frugivores can be significantly reshuffled by water (9) .
Functional roles of different types of frugivores are well documented for the fruit removal stage of dispersal but not for the seed deposition stage. Frugivores may differ not only quantitatively in terms of how many fruits they consume and seeds they disperse but also qualitatively in terms of where and how far they deposit seeds. Previous analyses of frugivore assemblages have focused on species-specific differences in quantitative aspects of visitation, fruit removal, postfeeding behavior, and effects on germination (see refs. 10 and 11) . These studies often show that patterns of seed rain reflect the distinct spatial signatures of different dispersal agents (8, 12, 13) .
For example, large-sized mammals and birds can transport large quantities of seeds over long distances, thereby connecting distant populations (6, (14) (15) (16) (17) (18) . In contrast, small-to mediumsized birds tend to deposit seeds near the source tree, although they are capable of dispersing seeds much further (19) (20) (21) . The combined seed dispersal curve (i.e., the dispersal kernel) thus results from the interaction between the feeding behavior of a diverse suite of small and large frugivores and the landscape structure, mediated by habitat preferences and the dynamics of digestion processes. The likely result is that a few key frugivore species may contribute disproportionately to seed-mediated gene flow, population connectivity, and genetic structure. Despite the importance of these processes to plant populations and communities, they are still underinvestigated and remain poorly understood (22) .
How can one determine which frugivore species dispersed a given seed and which tree was the source for that seed? This is a central question in seed dispersal studies that only recently has been successfully tackled. Analytical models used to estimate dispersal kernels (both inverse modeling and mechanistic/ phenomenological models) cannot fully reflect the complexities of dispersal, especially long-distance dispersal (2) . Direct tracking of individual seeds, using molecular markers, remains the most accurate method to obtain reliable estimates of seed dispersal distances reached by different frugivores (22) (23) (24) (25) , yet determining which frugivore species was responsible for dispersing a given seed is highly complex.
Here, we dissect the relative contribution of medium-sized birds (Corvus corone and Turdus viscivorus), small-sized birds (e.g., warblers), and large carnivorous mammals to the seed rain of a common tree, Prunus mahaleb (Rosaceae). Specifically, we (i) assessed the contribution of each frugivore type to the seed dispersal kernel and quantified their contribution to seed dispersal immigration into the study population; (ii) disentangled the relationship between dispersal of seeds by particular types of frugivores and the microhabitats into which those seeds were placed; and (iii) determined the contribution of such frugivores to long-distance dispersal events.
Results
By combining direct observations of fruit consumption, sampling of seed rain by setting seed traps and collecting feces, and linking dispersed seeds to source trees by genotyping seed endocarps and fruiting trees, we were able to assess how different types of frugivores move seeds different distances to different microhabitats and how they contribute to seed immigration into the study population. Our data demonstrate that different types of frugivores indeed accounted for different proportions of seeds dispersed to each distance class ( Fig. 1A) . Although small-sized birds (Ͻ110 g) were by far the major seed dispersers of seeds that were moved Ͻ250 m, larger frugivores (110-500 g) were the major dispersers of seeds that were moved 250-990 m. Mediumsized birds (T. viscivorus and C. corone) contributed to shortdistance dispersal (Ͻ100 m), but they dispersed most seeds beyond 100 m. In contrast, small birds rarely dispersed seeds Ͼ100 m. Seed dispersal distances by carnivorous mammals ranged from 0 m (i.e., under the canopy of the source tree) to 990 m, with a peak at 650-700 m. These distance intervals correspond to within-population dispersal events (seeds from trees growing in the study population). However, seeds were clearly moved longer distances, as evidenced by immigration of seeds into our study population from outside our 26-ha study site ( Fig. 1B) .
Most immigrant seeds were dispersed by mammals ( Fig. 1B) ; their weighted contribution to the immigrant seed pool (considering both the proportion of immigrant seeds in the total sample and the total number of seeds removed) was 66.9%, whereas frugivorous birds accounted for the remaining 33.1%. Among these, 0.07% was contributed by C. corone, 21.5% was contributed by T. viscivorus, and 7.8% was contributed by the small bird species (Fig. 1 ). Considering each dispersal vector separately, 74.2% of the seeds dispersed by mammals came from outside the population, whereas 21.9% of the seeds dispersed by birds came from other populations ( Table 1) . Among birds, 20.6% of seeds dispersed by T. viscivorus and 56.5% of the seeds dispersed by C. corone were inferred to be immigrants.
The frequency of seed deposition in different microhabitats differed significantly among dispersal vectors ( 2 ϭ 596.93, df ϭ 15, P Ͻ 0.001). Whereas small-sized birds dispersed seeds mainly beneath the canopies of P. mahaleb and other fleshy-fruited trees or shrubs, mammals deposited seeds preferentially in open sites (rocky soils and open ground with little woody vegetation or grass cover) ( Table 1 ). Medium-sized birds dispersed seeds mainly to open areas (C. corone) and beneath pine trees (T. viscivorus). The differential use of the microhabitats by different frugivores translates into a variable percentage of immigrant seeds received by each microhabitat (Table 1) . Thus, almost 80% of the seeds dispersed by mammals under P. mahaleb canopies were immigrant seeds, whereas this proportion dropped to 17% when small-to medium-sized birds were the dispersal vectors. Similarly, Ͼ50% of the seeds deposited in open sites by C. corone (56.5%) and mammals (67.2%) came from other populations, whereas immigrant seeds only represented 7.2% and 16.7% of the seeds dispersed by small-birds and T. viscivorus, respectively.
Discussion
By combining DNA-based genotyping methods and field observations, we found that seed dispersal by different types of frugivores resulted in distinct contributions to different distance classes and microhabitats, with only a few species responsible for long-distance dispersal events. Small-sized birds accounted for most short-distance dispersal, and larger frugivores (both birds and mammals) accounted for most long-distance dispersal. Our data thus allow direct estimates of two relevant components of dispersal, namely dispersal distances and the frequency of seed immigration into the population (seeds dispersed from other populations).
Our results are largely congruent with field observations of postfeeding behavior of frugivores in our study system (19) but add evidence for nonrandom dispersal of immigrant seeds to specific microhabitats. Variable shapes of seed dispersal kernels have been reported by a series of field studies based on direct field observation and/or tracking of frugivores, often in heterogeneous landscapes (14, 16, 20, 21, (25) (26) (27) (28) . None of these previous studies, however, documents the frequency of longdistance dispersal, especially for immigrant seeds. Mechanistic The frugivore types studied are as follows: small-to medium-sized birds, including warblers (Sylvia spp.), redstarts (Phoenicurus spp.), and robin Erithacus rubecula, mistle thrushes (T. viscivorus), carrion crows (C. corone), and mammals. For each frugivore type, we report the total number of genotyped endocarps (Ni), the number of sampling points, the number of seeds coming from source trees growing within (Ni in ) and outside (Ni out ) the population, and the percentage of seeds deposited per microhabitat type, with the percentage of them coming from outside the population (Pi out ) in parentheses. Dashes indicate areas wherein no seeds were dispersed. models involving direct tracking of frugivores and modeling gut-passage dynamics have been used to infer dispersal distances. Although these techniques are quite precise in identifying the dispersal agent, they are imprecise with respect to identifying the seed source and hence the dispersal distance (25) . Molecularbased techniques are powerful for source tree and distance estimation but rely on indirect methods (e.g., identification of the feces or regurgitations) for determining which dispersal agent deposited the seed(s). Ideally, a combination of techniques (essentially, observational and genetic identification, as used in this study) will help to address the three basic questions for a sampled dispersed seed: which tree was the source for it, what the dispersal distance is, and which frugivore species contributed the dispersal event.
Our data show that the P. mahaleb dispersal kernel is comprised of two distinct components: short-distance seed-dispersal events primarily due to a diverse array of small-sized frugivores and long-distance dispersal events primarily due to mediumsized birds and carnivorous mammals. It follows that larger birds and carnivorous mammals are mostly responsible for the observed seed exchange among populations, which in our study system involves dispersal events between 1.5 and 17 km (P.J., personal observation). Even though large-bodied dispersers are uncommon (19) , neglecting their role would lead one to underestimate seriously the frequency of long-distance dispersal events. On the other hand, ignoring small-sized vectors would seriously underestimate the frequency of short-distance dispersal events and overestimate dispersal distance. Thus, analysis of the seed dispersal kernel should be approached as a composite function that results from the differential contribution of different frugivore types (the total dispersal kernel, in the sense of ref. 5).
Interestingly, although small-sized birds dominated the left section of the dispersal kernel (short-distance dispersal events), almost 20% of the seeds they dispersed originated from another population. This type of frugivore likely accounts for a nonnegligible number of immigrant seeds, because they are responsible for most fruit removal (19) , with consumption rates well above those by mammals. Our data indicate that they dispersed seeds to all microhabitats, whereas larger birds and mammals selectively dispersed seeds to open microhabitats (C. corone and carnivorous mammals) and pine forests (T. viscivorus). More importantly, small birds are the main contributors to the seed rain beneath covered microhabitats (under P. mahaleb and high and low shrubs), where seedlings have higher chances of establishing (ref. 30 ; E. W. Schupp and P.J., unpublished data). This finding demonstrates how dispersal kernels can be combined with ecological information on microhabitat type to assess dispersal effectiveness, i.e., the contribution each disperser makes to the future reproduction of a plant (in the sense of ref. 30 ). Quantifying disperser effectiveness remains an elusive but important goal. Once it is known, one can predict contributions of seed dispersal to gene flow and better forecast the consequences of local extinctions of key frugivores with respect to gene flow patterns via seed and loss-of-connectivity among fragments. For instance, estimates of gene flow mediated by pollen (31), effective dispersal distances obtained for seedlings (32) , and thorough demographic data can be combined to better understand the genetic consequences of population fragmentation.
Finally, our data highlight that seed dispersal kernels emerge from the interaction of three main components (8): frugivore abundance (determining which species remove most fruits and disperse most seeds), frugivore feeding and postfeeding behavior (determining feeding preferences and dispersal movement), and the structure of the landscape (describing the relative position of fruiting trees and the deposition sites). As the frugivore community or the landscape changes, the dispersal kernel and the two-dimensional pattern of the seed shadows will also be modified. Thus, if carnivorous mammals go extinct in our study population, the movement of seeds among populations would strongly decrease, resulting in a significant truncation of dispersal distances and an increase in population isolation (33) . In addition, the reduction of some habitats (e.g., the pine forest in our study) might shift the dispersal kernel to the left, resulting in a strong restriction of the seed dispersal distance. We may also envision sizeable changes in seed shadows and the dispersal kernel accompanying year-to-year variation in the frugivore assemblage (34) . These types of effects have broad implications for the conservation of frugivore species, especially when some dispersers disproportionately deposit seeds in microhabitats where the probability of successful recruitment is high (e.g., refs. 28 and 35) . For instance, the fast-paced extinction of large tropical frugivores will not only reduce removal rates, a quantitative effect repeatedly documented (36, 37) , but will also truncate dispersal kernels and severely limit seed-mediated gene flow. Overall, a comprehensive approach to seed dispersal in plant populations requires the incorporation of a new paradigm in seed dispersal studies, moving from simple to complex seed dispersal systems (5, 22) and envisioning seed dispersal kernels as an emergent property of plant-animal interactions with context-dependent outcomes.
Materials and Methods
Species and Study Site Characteristics. The study species, P. mahaleb (L.) (Rosaceae), is a shrub or small tree that produces fleshy fruits that are ingested by frugivores, who disperse seeds after regurgitating or defecating them. This species is frequently visited during July to mid-August by small-and medium-sized birds (19) and carnivorous mammals that include fruits in their diets during late summer to winter (38) . P. mahaleb occurs in a patchy distribution at the regional scale, with isolated populations consisting of dozens to hundreds of trees. Our study population consisted of 196 adult trees distributed over an area of Ϸ26 ha in patches of variable density. Other populations within 20 km exist as scattered patches of 10-150 trees, with some containing Ͼ1,000 trees. The nearest population is 1.5 km away. Additional information on the study population is reported in refs. 19 and 38.
Relative Contribution of Each Dispersal Vector to the Seed Rain. Here, we differentiate three major frugivore types: large carnivorous mammals (such as foxes, badgers, and stone martens); two species of medium-sized frugivorous birds, mistle thrushes (T. viscivorus), and carrion crows (C. corone); and a pool of smallsized frugivorous birds, including warblers, redstarts, and robins (19) . These frugivores vary widely in their relative contributions to seed removal in the study population. Although small birds and T. viscivorus account for a large fraction of the seed rain (up to 71.0% and 13.8%, respectively) (refs. 19, 34, and 38; P.J., personal observation), removal by C. corone is marginal (0.2%, estimated from visit frequencies and consumption rates) (ref. 19 ; P.J. personal observation). The overall contribution of mammals, estimated by seed trap data and direct sampling of scats in the area, is Ϸ15% (refs. 19, 34, 38 , and 39 report data supporting this estimate). We combined these estimates with the direct assignment of dispersed seeds to their source tree based on molecular markers (see Seed Dispersal Kernel) to dissect the relative contribution of each frugivore group in terms of distance, frequency of seed immigration from other populations, and distribution of immigrant seeds among microhabitat types. For each distance class, the contribution of each disperser group was the sum of seeds originating from its sample and identified having reached that distance. The contribution of a disperser group to seed immigration is the percentage of immigrant seeds in the genotyped endocarp sample weighted by the overall quantitative contribution to fruit removal, as described in detail in refs. 19 and 34. Briefly, during direct watches at the trees, for each species, we quantified visitation frequency and multiplied it by their feeding rates (number fruits taken per visit) and by the fraction of seeds estimated to leave the tree (fruits ingested, not dropped beneath the tree). We assumed that the contribution of each frugivore group to the sample of immigrant seeds would be proportional to their overall contribution to fruit removal.
Sampling of Dispersed Seeds. To estimate the relative contribution of each dispersal vector to the seed dispersal kernel and the seed deposition in different microhabitat types, we first collected dispersed seeds, following different sampling schemes according to the dispersal vector. Seeds were collected in 1997-1999 and 2003-2005 . These sampling schemes were as follows. Seeds dispersed by mammals. We haphazardly collected 130 samples of feces during the dispersal period and recorded their microhabitat and location relative to potential source trees. Feces contained 106.2 Ϯ 66.2 seeds (mean Ϯ SD). From the frequencydistribution curve of number of seeds per fecal sample, we randomly chose five samples from each quartile and genotyped 10% of the seeds in each of these samples. Overall, we genotyped 167 seeds from 20 fecal samples. Most samples were from red fox (Vulpes vulpes) and stone marten (Martes foina); some (Ͻ10 samples) were from badger (Meles meles) (ref. 38 ; C.G. and J.L.G.-C., personal observation). Seeds dispersed by C. corone. Regurgitation pellets of this species can be visually identified. The species is a scarce visitor of fruiting P. mahaleb trees, but it is one of the few large-bodied frugivorous birds in the disperser assemblage. We used all of the samples we had available for it. We collected a total of four pellets, which contained 54.5 Ϯ 16.9 seeds per pellet, and randomly chose 10% of the seeds for genetic analysis. A total of 23 seeds were genotyped. The spatial location and the microhabitat type for each pellet were recorded. Seeds dispersed by small birds. We collected seeds deposited in seed traps, using a random sampling protocol that was stratified by microhabitats (see refs. 38 and 40) . We characterized six different microhabitats (MH) according to the type of plant cover at the sampling point. The three microhabitats that contained fleshy-fruited species are as follows: (i) MH-Prunus, dominated by adult P. mahaleb trees; (ii) MH-high shrub, dominated by high-shrub, fleshy-fruited, woody cover with a height of Ͼ1.0 m (Crataegus monogyna, Juniperus phoenicea, Lonicera arborea, Rosa spp., Taxus baccata); and (iii) MH-low shrub, dominated by low-shrub species with a height of Ͻ1.5 m (e.g., Berberis vulgaris, Juniperus communis, and Rhamnus saxatilis).
The three microhabitats that were dominated by non-fleshyfruited species are as follows: (iv) MH-Pinus, dominated by pine trees (Pinus nigra, ssp. salzmannii); (v) MH-Acer-Quercus dominated by Acer granatense and Quercus faginea or Quercus ilex, which presented a scattered distribution; and (vi) MH-open, including rocky soil, very low (height of Ͻ0.20 m) woody vegetation, and/or grassland. We genotyped the endocarp of all dispersed seeds collected in each microhabitat except for MH-Prunus and MH-high shrub (40) , where seed density was frequently too high. For these microhabitats, we genotyped a subsample. This seed sample included seeds dispersed by small and medium-sized passerine species, such as Phoenicurus ochruros, Turdus merula, Erithacus rubecula, Sylvia communis, Sylvia atricapilla, etc. (19) . Seeds in these samples also include a fraction of those dispersed by T. viscivorus (see below). Seeds dispersed by T. viscivorus. Seeds collected in the Pinus microhabitat were all assigned to T. viscivorus, based on our previous and extensive feeding observations and foraging data (19, 38) . In addition, most seeds in the seed traps in this microhabitat appeared in scats with 5-10 seeds, which matched the number expected for a single scat of T. viscivorus. This species also contributed small numbers of seeds to the samples from seed traps in other microhabitats described in Seeds dispersed by small birds, but visual identification was not possible. Therefore, from the seed sample genotyped for each microhabitat type, we estimated the percentage dispersed by T. viscivorus by extrapolation from the relative contribution of this species to the seed rain in each specific microhabitat, as described in ref. 19 . Given N seeds in microhabitat i and a relative contribution p by T. viscivorus, we estimated N i ϫ p seeds to be contributed by this species. The contribution of T. viscivorus to immigrant seeds in microhabitat i would be Ni ϫ p ϫ (N out Tvis /N Tvis ), where N out Tvis / N Tvis is the proportion of immigrant seeds (N out Tvis ) in the seed sample of T. viscivorus (N Tvis ).
Seed Dispersal Kernel. The seed dispersal distance kernel was obtained directly by measuring the distance between the seed deposition site (scats, pellet, or seed trap) and the location of the source tree, as determined by maternal assignment based on molecular markers (41) . We genotyped all adult trees in the population (n ϭ 196) along with the endocarp of the seeds collected from the seed traps (n ϭ 465), mammal scats (n ϭ 167), and C. corone pellets (n ϭ 23). Because the endocarp is a tissue of maternal origin, the multilocus genotype of a given endocarp and the genotype of its source tree are identical (41) . We considered each dispersed seed as an independent replicate, because each represented a dispersal event from the perspective of plant population genetics, i.e., an independent ''arrival'' event resulting from the dispersal process mediated by the frugivore (24, 25) .
We used a set of 10 polymorphic microsatellite markers (simple DNA sequence repeats) to obtain the multilocus genotypes of both of the adult trees (candidate source trees) and the sample of seed endocarps (for details, see ref. 41 ). All adult trees in the population had a distinct multilocus genotype. Thus, an unambiguous assignment of each seed to its source tree could be made. When a full match between the endocarp genotype and any of the adult-tree genotypes in the population was not possible, we assumed that the seed came from another population. To assess the effect of genotyping errors, we reexamined the exclusion of genotypes due to a single locus mismatch, two loci mismatches, etc. At the analysis level, any exclusion of identity between a seed and a potential mother tree based on mismatches of only one or two loci was rechecked. We used GIMLET software (42) to find the matching adult multilocus genotype for each endocarp with eight or more loci successfully typed. Because each seed belonged to one of the four groups of dispersers, we could thus derive the relative contribution of each frugivore group to different distance classes and microhabitats and to seed immigration.
Contribution of Each Dispersal Vector to Seed Immigration. Based on the total number of genotyped endocarps, we estimated for each frugivore type i the number of seeds coming from source trees growing within (N in i ) and outside (N out i ) the population. In addition, based on the percentage of seeds deposited per microhabitat type by each frugivore group, we estimated the fraction of seeds coming from outside the population (P out i ) for each microhabitat. The weighted contribution to overall seed immigration for each frugivore type (seeds coming from outside the population) was obtained as the product of the fraction of immigrant seeds in each frugivore type sample (N out i /N i ) and their proportional contribution to overall fruit removal. All these values are provided in Table 1 .
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